Free radicals and non-radical reactive molecules as well as several cytokines (e.g. tumor necrosis factor-α and interleukin family) and transcription factors (e.g. nuclear factor-κB and activator protein-1) are now known to take part in the pathogenesis of cyclophosphamide (CP) and ifosfamide (IF) induced hemorrhagic cystitis (HC). When these molecular factors are taken into account pathogenesis of bladder toxicity can be summarized in three steps: (1) acrolein rapidly enters into the uroepithelial cells, (2) activates intracellular ROS and NO production (directly or through transcription factors) leading to peroxynitrite production, and (3) finally the elevated peroxynitrite level basically damages lipids (lipid peroxidation), proteins (protein oxidation) and DNA (strand breaks) leading to PARP activation, a DNA repair enzyme. DNA damage causes PARP overactivation, resulting in the depletion of oxidized nicotinamide adenine dinucleotide (NAD+) and adenosine triphosphate (ATP), and consequently in necrotic cell death. There is no doubt that for an effective prevention against CP-and IF-cystitis all pathophysiological mechanisms must be taken into consideration. Experimental works reporting beneficial effects of antioxidants, iNOS inhibitors, cytokine blockers or hyperbaric oxygen (HBO) treatment, against CP-and/or IF-induced HC exist in literature. In this article, we discussed the possible mechanisms and effectiveness of agents used in addition to mesna to prevent CP-and IF-cystitis. In conclusion, antioxidants, iNOS inhibitors, peroxynitrite scavengers, anti-inflammatory agents, as well as HBO therapy may be added to mesna administration in clinical trials in order to obtain the best protocol to improve quality of patients comfort
OVERVIEW
Beside their military use, mustard group agents found their way into medical therapy. Several mustards such as nitrogen mustards indeed had been improved for chemical warfare agent. Soon after Second World War, their strong cytotoxic effects found to be useful in the therapy of cancer. Several mustard agents such as cyclophosphamide (CP), a synthetic analogue of CP; ifosfamide (IF), melphalan and chlorambucil have been widely used as antineoplastic agents. All mustards act mainly through alkylating of DNA, and make cells unable to divide. This mechanism is true for both therapeutic and crucial side effects causing dose limitations.
Hemorrhagic cystitis (HC) is the main side-effect of CP and IF and still encountered as an important doselimiting problem. Acrolein is the main responsible molecule of CP-and IF-induced cystitis and mesna (2-mercaptoethane sulfonate) is the commonly used agent to protect against this side-effect [1] . Although mesna has been widely used as an effective agent against CPinduced cystitis, significant HC, defined as an episode of symptoms (e.g., burning, frequency and dysuria), microscopic or macroscopic hematuria have still been encountered clinically [2, 3] .
Our current knowledge lets us to get more information about the pathophysiological mechanism of HC in detail: Oxygen and nitrogen-based free radicals and non-radical reactive molecules, as well as poly(adenosine diphospate-ribose) polymerase (PARP) activation are now known to take part in pathogenesis of CP-and IF-induced HC [4] . Furthermore, there is evidence that HC is an inflammatory process and several cytokines play role in its pathogenesis such as tumor necrosis factor (TNF)-α and interleukin (IL) family. Cytokines may trigger activation of transcription factors such as nuclear factor (NF)-κB and activator protein (AP)-1 leading to further events associated with a variety of stress conditions. Briefly, pathophysiologic mechanisms of CP-induced bladder toxicity could be summarized in three steps: (1) acrolein rapidly enters into the uroepithelial cells, (2) then activates intracellular reactive oxygen species (ROS) and nitric oxide (NO) production (directly or through NF-κB and AP-1) leading to peroxynitrite (ONOO -) production, and (3) finally the increased ONOO -level basically damages lipids (lipid peroxidation), proteins (protein oxidation) and DNA (strand breaks) leading to activation of poly ADP ribose polymerase (PARP). DNA damage causes PARP over-activation, resulting in the depletion of oxidized nicotinamide adenine dinucleotide (NAD + ) and adenosine triphosphate (ATP), and consequently in necrotic cell death [5] .
Figure. Acrolein-induced pathophysiological cascade resulting in clinical hemorrhagic cystitis: (I) Acrolein passes through the uroepithelial membrane and causes intracellular "redox imbalance". This steps initiates ROS production, activation of transcription factors, gene expression of pro-inflammatory enzymes (e.g., iNOS, COX-2) and cytokines (e.g., TNF-α, IL-1β). Several steps seen in neighbor uroepithelial cells (e.g., III) also occur in (I) simultaneously. (II-III) Cytokines produced in uroepithelial cells spread out into other uroepithelial cells, the bloodstream and the detrusor smooth muscle cells. ROS and NO form peroxynitrite in both uroepithelium and detrusor, leading to lipid peroxidation, protein oxidation and DNA damage (I-III). DNA damage causes PARP activation and energy crisis and eventually cellular necrosis (IV). This non-infectious inflammation also recruits leukocyte into bladder wall and strengths the inflammation. During necrotic cell death, the cellular content is released into the tissue, exposing neighboring cells to potentially harmful attack by intracellular proteases and other released factors. The overall mechanism results in clinical signs (e.g., microscopic and macroscopic hematuria, burning, frequency and dysuria) and pathologically in edema, inflammation and ulceration (modified from reference [4] with authors permission).
Indeed, when examined closely, it seems possible that nitric oxide synthase (NOS) induction and/or activation could explain the initiation of toxic effects of CP. Under oxidative stress conditions like HC, many of side effects seem to have parallels with the biological effects and functions of abundant NO including DNA damage, NAD + depletion, cell and tissue toxicity and inflammation through peroxynitrite production [6, 7] . Activated PARP may act in extremely different way called the Yin-Yang of PARP activation. The deathpromoting and the cytoprotective effects of poly(ADPribosyl)ation represent two seemingly opposing faces of PARP. Oxidative and nitrosative stress induced DNA breakage causes a high level of PARP activation, leading to the depletion of NAD + and ATP and consequently to necrotic cell death. On the other hand, poly(ADP-ribosyl)ation facilitates DNA repair in cells. The overall mechanism has been illustrated in figure. 
PREVENTIVE METHODS
The first step against acrolein toxicity is to block the acrolein entering into the uroepithelial cells. Mesna is the only already known drug that binds acrolein in the urinary system and block acrolein entering into the uroepithelial cells. Both experimental and clinical studies have clearly demonstrated that mesna is effective against CP-induced cystitis [8] . However, 5% of patients who get CP or IF treatment may still suffer from HC during or after the treatment. The reason of this may be suggested that several other compounds apart from acrolein such as chloroethylaziridine and phosphoramide mustard may involve HC pathogenesis. Mesna may not block these agents that causing HC symptoms. Therefore, hyperhydration is considered as another important option. Through this way, toxic compounds cannot accumulate in urinary system and rapidly removed from urinary bladder via frequent micturition. Although these two precautions are essential to prevent HC symptoms, mesna administration may cause several hypersensitivity-like cutaneous and systemic reactions in adult patients and hyperhydration may not be useful for some patients those severely ill or immobile. Thus some additional preventive precautions may be needed to cure the HC symptoms if not be cured by mesna and hyperhydration. In this review, preventive suggestions will be limited only to the known pathophysiologic mechanisms of HC. Many other preventive modalities such as conjugated estrogen, intravesical adrenaline are out of interest.
COMPLEMENTARY PREVENTIVE METHODS
CP and IF are metabolized in liver and appear several compounds those all lipophilic nature. Thus they readily enter into virtually all cells (antineoplastic effects) including bladder epithelium (side effects). All compounds act through several mechanisms in bladder epithelium and treatment/prevention modalities are summarized in table. According to pathophysiological mechanism, several preventive steps are as follows.
SCAVENGING REACTIVE OXYGEN SPECIES
Several antioxidants including -carotene andtocopherol have been shown to diminish the HC symptoms [9, 10] . Furthermore, popular flavonoid antioxidants such as quercetin and epigallocatechin 3-gallate [11, 12] and curcumin [13] have also been shown beneficial. Ternatin, another flavonoid antioxidant, is a popular remedy in Brasilian folk medicine. Vieira et al. [14] showed that ternatin has beneficial effects against CP and IF induced HC. Another chemical compound with antioxidant properties, amifostine is a well-established uroprotector against alkylating agents-induced bladder damage [15] [16] [17] . This beneficial effect may be attributed to ROS scavenging property of antioxidants. However, it is important to take into consideration that scavenging ROS may block peroxynitrite production. Since NO itself is not toxic and has short life-time, the potent harmful compound, peroxynitrite may not be highly produced and HC symptoms are alleviated in this way.
It is interesting that another antioxidant compound is mesna itself [18, 19] . Thus, apart from acrolein binding property, antioxidant feature of mesna may contribute to beneficial effects against cystitis. Although it is not possible to separate the beneficial effects of mesna in case of cystitis, several inflammatory processes have been alleviated using mesna as an antioxidant [20, 21] .
ANTI-INFLAMMATORY CONSIDERETIONS
NOS inhibitors both non-selective (e.g., L-NAME) and selective (e.g., S-methylthiourea, 1400W) have therapeutic potential in experimental works; however there is no any drug available for clinical use. Same is true for peroxynitrite scavengers such as metalloporphyrins, desferrioxamine, mercaptoalkylguanidines, amidine derivatives. Several marketed drugs including cabergoline, nebivolol, and acetaminophen with RNS scavenging/decomposition properties may have clinical interest in near future [6] . Since HC has been accepted as non-infectious inflammatory process, glucocorticoids, well known anti-inflammatory agents, might consider as a therapeutic modality in HC. Vieira and coworkers [22] observed that replacement of one or two doses of mesna with dexamethasone reduced the bladder wet weight induced by IF, showing no significant difference compared to the effect of three doses of mesna. Replacement of one or two doses of mesna with dexamethasone also abolished the mucosal erosion, inflammatory cell infiltration and ulcerations observed in microscopic analysis of the bladders. This finding is consistent with a previous report that showed dexamethasone substituting mesna treatment (second and third doses) inhibited CP-induced HC in rats [23] . Moreover, it is important to consider that although the two alkylating agents are known to induce HC, the incidence of this side-effect is greater with IF treatment, since this drug is usually administrated for a longer period and in a higher dose than that CP. It was reported that patients using glucocorticoids as an immunosuppressor combined with CP, for the treatment of systemic lupus erythematosus, have a low incidence of HC [24] .
Glucocorticoids are known to inhibit the synthesis and the activity of transcription factors, a variety of cytokines including TNF-α, and IL-1β and the expression of pro-inflammatory enzymes such as iNOS and COX-2 [25] . As mentioned previously, studies have demonstrated that all chemical compounds (e.g., cytokines and proinflammatory enzymes) those are inhibited and/or suppressed by glucocorticoids are crucial mediators involved in inflammatory events of HC as well as urothelial damage and hemorrhage. Thus, the results demonstrating that dexamethasone inhibits IF-and CP-induced HC could be explained by a potent efficacy of the corticoid as an inhibitor/suppressor of the cytokines, transcription factors and pro-inflammatory enzymes. However, the replacement of all mesna doses with dexamethasone did not prevent HC. It has been proposed that urothelial damage occurs by direct contact with acrolein. Therefore, the data presented in Vieira's study [22] could be explained by the fact that mesna seems to be necessary for the initial uroprotection through its neutralizing effect on urothelial damage initiated by acrolein, while dexamethasone may inhibit the mediators of the inflammatory process that follow.
In addition, a recent study has demonstrated an important role for neutrophils in the pathogenesis of HC. This study showed that glucose-mannose binding plant lectins reduce urothelial damage and the inflammatory events present in HC induced by CP, probably by the blockage of neutrophil migration to inflamed bladders [26] . As dexamethasone is a potent inhibitor of neutrophil migration [27] and leads to inhibiting excessive leukocyte egress and subsequent free radical-mediated damage caused by leukocyte components may attenuate or eliminate tissue damage. It is likely that this inhibitory effect on neutrophil migration of dexamethasone could also contribute to the prevention of HC.
Thalidomide (TNF-α inhibitor), pentoxyfylline (IL-1β inhibitor), steroids (glucocorticoids) and many nonsteroidal anti-inflammatory drugs including aspirin, indomethacin are all non-specific TNF-α and several other cytokines inhibitors, which modulate TNF-α dependent and independent pathways. Experimental works have been indicated that several cytokines including TNF-α, interferon-γ (IF-γ), and IL-1β involve the pathogenesis of HC [28] [29] [30] . Recent evidence suggest that apart from well-known cytokines (e.g., TNF-α, IL-1β), IL-4 [31] , IL-6 [32] among others [33] also involve HC pathogenesis.
Xu and coworkers [34] reported that exposure to TNF-α and interferon-γ (IF-γ) produced a marked increase in the expression of iNOS and NO production in culture of rat bladder smooth muscle cells. However, exposure to CP or its metabolite acrolein did not increase iNOS or NO metabolite levels in this culture medium. On the other hand; incubation of primary cell cultures with plasma from rats treated with CP produced a marked increase in iNOS expression and NO production. The authors have decided that NO has an important role in the pathogenesis of CP-induced cystitis in rats and some factors may be released in CP-treated rat plasma that stimulates iNOS expression. Their findings suggest that an increased production of NO, through increased expression of iNOS, is an important factor in the production of CP-induced inflammatory changes in the rat bladder. Initial increases in NO levels may represent physiological adaptive mechanisms in response to an irritant substance (acrolein); however, excessive and sustained production of NO may directly or indirectly (via production of cytokines) lead to inflammatory damages (HC). Part of the increased expression of iNOS in the bladder tissues, may be triggered by circulating factors; as evidenced by increased iNOS expression in bladder smooth muscle cells when exposed to plasma from rats treated with CP. Employing a primary culture of bladder smooth muscle cells, they demonstrated that the iNOS expression is highly responsive to cytokines and to plasma of CPtreated rats, but failed to respond to direct exposure to CP or acrolein.
Johansson et al [35] used cytokines to show iNOS activation in cultured bladder smooth muscle cell. [34] , the initial step (contact between acrolein with uroepithelium) was absent. Therefore, acrolein could not enter into the epithelial cell and activate the mechanism explained above. Neither TNF-α, nor IL-1β can be produced by uroepithelium. However, if these cytokines were put into the medium bladder muscle cells produce iNOS.
As result, we speculate that contact with acrolein and uroepithelium (but not bladder smooth muscle cell) may be the trigger step to produce cytokines leading to iNOS induction.
As previously described, interacting acrolein with uroepithelium act as a trigger point. Further, not only HC but also in many of inflammatory processes including rheumatoid arthritis, NF-B and AP-1 seems the junction leading to gene expression such as TNF-α, IL-1β, IF-γ, iNOS and COX-2. Furthermore there is strong evidence that iNOS induction is almost always together with COX-2 activation. COX-2 may therefore involve the HC pathogenesis. Thus COX inhibitory effects of several agents in particular steroids may contribute the healing bladder. Natural antioxidants used against HC such as catechin (tea), quercetin (onion), ternatine are also COX-2 inhibitors [36, 37] and this feature may serve additional benefit apart from ROS scavenging properties. At this point, resveratrol (grape), curcumin (turmeric) and many other tea flavonoids may also be effective antioxidants with NF-B and several pro-inflammatory cytokines inhibition properties against HC symptoms.
HYPERBARIC OXYGEN
HBO is a treatment modality which is sometimes lifesaving in cases such as carbon monoxide poisoning and decompression sickness. Moreover it is crucial in many other disease treatments such as osteomyelitis, diabetic foot, and impaired wound healing. Undersea and Hyperbaric Medical Society (UHMS) has been approved a list of clinical conditions including air or gas embolism, carbon monoxide poisoning, clostridial myositis and myonecrosis (gas gangrene), crush injury, compartment syndrome and other acute traumatic ischemias, decompression sickness, enhancement of healing in selected problem wounds, exceptional blood loss, necrotizing soft tissue infections, refractory osteomyelitis, osteoradionecrosis, compromised skin grafts and flaps, thermal burns, and intracranial abscess [38, 39] . Nevertheless, plenty of experimental studies, most of them have been fulfilled in our laboratory, are available in literature which suggest many successful cures obtained with HBO treatment such as colitis [40] , myositis [41] , pancreatitis [42, 43] and sepsis [44] which are not in approved indication list of UHMS.
Several works have been suggested that HBO attenuates bladder damage, such as edema, hemorrhage, inflammation and even ulceration. Hader et al [45] treated rats with HBO before and after exposure to acrolein, and noted a significant decrease in tissue damage and enhanced urothelial regeneration compared to control animals. Our laboratory has shown that HBO treatment has alleviated experimental cystitis [46, 47] . It is also documented that HBO cannot prevent acrolein-dependent cystitis rather it accelerates the healing of damaged bladder [48] .
Hughes et al [49] reported a case of HC occurring after autologous peripheral stem cell transplantation for multiple myeloma. The patient had received CP and busulfan, and the clinical course was complicated by viral infections. After antiviral therapy and conventional urological management for intractable hematuria and bladder spasms, the patient was referred for HBO and completed 37 treatments with complete resolution of bleeding. At 14-month follow-up he was free of hematuria. Davis et al [50] has recently reported that six patients, with life-threatening hemorrhage at the time of referral for HBO weeks or months after initial presentation with HC in New Zealand. Cessation of bleeding occurred in all six patients after 14 to 40 HBO session without complications. All patients remained clear of hematuria at 11 to 36 months followup. Authors have recommended the use of HBO in the management of intractable CP-induced HC as an effective and low-risk therapy. Bevers et al [51] also reported similar effects of HBO treatments in radiationinduced HC. Beneficial effects of HBO on painful bladder syndrome and interstitial cystitis have also documented [52] [53] [54] .
A SPECIAL CONSIDERATION REGARDING MELATONIN
There is abundance of both experimental and clinical studies regarding to melatonin possess antioxidant and free radical scavenging properties [55, 56] . This feature of melatonin appears in both administrations of physiologic and pharmacologic doses [57, 58] . Antioxidant properties of melatonin have been shown in many tissues including kidney, brain, pancreatic islet, retina and others [59] .
Melatonin directly neutralizes a number of toxic oxygen and nitrogen based reactans, including OH , H 2 O 2 , hipochlorous acid (HOCl), singlet oxygen and several nitrogen-based compounds including peroxynitrite anion or peroxynitrous acid [59] [60] [61] . Furthermore, it also has indirect antioxidative actions, including stimulating the synthesis of important intracellular antioxidant, i.e. glutathione as well as promoting its enzymatic recycling in cells to ensure it remains primarily in its reduced form [55] . Melatonin preserves the functional integrity of other antioxidative enzymes, including superoxide dismutase and catalase. Melatonin may also reduce free radical generation in mitochondria by improving oxidative phosphorylation, thereby lowering electron leakage, and increasing ATP generation [62] . Moreover, melatonin's chief hepatic metabolite, 6-sulfatoxymelatonin, as well as several other by-products of melatonin is effective free-radical scavengers [59] . Recent studies performed in our laboratory and others have also shown that melatonin can directly scavenge the peroxynitrite [63] [64] [65] . Apart from these beneficial effects, melatonin regulates gene expression of several immunomodulatory cytokines and attenuates NF-B binding to DNA [66] [67] [68] [69] [70] . These results indicate that melatonin is a widely acting antioxidant including direct (antioxidant effect), indirect (enzymatic support) and nitrogen-based compounds scavenging properties. Apart from this collective efficacy against both oxidative and nitrosative stress, the same indole has relatively strong anti-inflammatory efficacy. These features make the melatonin a very good add-on therapy along with mesna. We tested melatonin for alleviation of CPinduced cystitis and it exerted beneficial effects [10, 71] . Recently, Zupancic et al [72, 73] and Tripathi et al [74] have documented similar beneficial effects of melatonin with detailed mechanism against CP-induced HC. The implications of the accumulated observations suggest that it is time to consider clinical trials using melatonin for inhibition of HC symptoms in conjunction with mesna, hyperhydration and other therapeutic applications. Note that melatonin has very few side effects and no toxicity or teratogenicity at any given physiological or pharmacological doses [75, 76] .
FINAL CONSIDERATIONS
It is far known that acrolein is the main molecule responsible for CP-and IF-induced cystitis. Nevertheless, now we know more molecular mechanisms which take part in the pathogenesis of HC including cytokines, ROS, RNS leading to transcription factors and/or PARP activation and resulting in cell damage. Mesna is a widely used and relatively successful agent in order to detoxify acrolein however; CP-induced HC still remains a clinical problem. Thus, we suggest that clinicians may be encouraged to add alternative drugs or methods to standard protocol which are known to have no important side-effects, such as antioxidants, HBO and in particular melatonin in clinical trials. This will support the a number of above mentioned experimental studies and improvement of comfort of patients such as in the case reported by Kalayoglu et al [77] in which a patient was saved from cystectomy by HBO administration. 
